The authors review the current understanding of lymphatic anatomy and physiology, and the pathophysiology of lymphedema. The skin lymphatic system consists of the initial lymphatics, which converge into lymphatic preccllectors, collectors and lymphatic ducts; these in turn convey the lymph to the regional lymph nodes. Interstitial fluid and particles enter the initial lymphatics through interendothelial openings and by vesicular transport. Lymphatic uptake is enhanced by external compression. Lymphatic transport depends greatly on contraction of Iymphangions, which generate the suction force that promotes absorption of interstitial fluid and expels lymph to collecting ducts.
Introduction
The last decade has witnessed a surge of interest in lymphedema. with investigations into its pathogenesis and a growing emphasis upon effective clinical measures to combat the manifestations of the disease. Historically. this malady has not. apparently. captured the interest of the medical community: for example. it has been stated that 'the entire history [of lymphedema] is ordinarily that of conversion of a normal limb into a swollen one; nothing else is noteworthy' .I However. recent work suggests. to the contrary. that the typical relentless progression of lymphedema can be modified. Given the current. rapidly changing approach to this very prevalent disease. it is worth reviewing the pertinent pathophysiology of lymphedema. through a consideration of the relevant anatomy and physiology of the unimpaired lymphatic system.
Anatomy and pathology
Anatomical remarks
The lymphatic system consists of the initial lymphatics. the lymphatic precollectors, the lymphatic ducts and the lymph nodes. The initial lymphatics are blind end-sinuses formed from single layers of gracile lymphatic endothelial cells. The diameter of the initial lymphatics is approximately 50 J.l.m. significantly larger than the comparable arteriovenous capillaries. The lymphatic endothelial cells rest upon a discontinuous basement membrane. anchored to the sur-rounding connective tissue by collagen or elastic filaments'-' There are no tight junctions between the cells, and interendothelial openings permit extracellular fluid and macromolecules to drain directly into the lumina of the lymphatics through the loose basement membrane.' This basement membrane is composed almost exclusively of type IV collagen; in contrast to the capillary basement membrane there is no heparan sulfate. proteoglycan or fibronectin." Interendothelial openings have the ability to close and. thereby. to function as valves.i' The initial lymphatics in the skin form dual superimposed networks which are drained by the lymphatic precollectors. These vessels merge to form lymphatic collectors in the deeper cutaneous layers." The presence of valves in the initial lymphatics is variable: there are few. if any. valves in skin lymphatics. but valvular structures have been observed in the lymphatics of muscle.v" The vascular wall of the collecting lymphatics is innervated and contains both valves and smooth muscle cells. The collecting lymphatics merge to form deeper collecting ducts, which transport lymph towards the lymph nodes. A given cutaneous region. drained by a single precollector, is called an areola, and adjacent areas overlap. Areolata drained by the same superficial collector form zones. These zones. in tum. coalesce to form territories. According to Kubik," such territories are separated by lymphatic watersheds that possess a limited collateral communication with the superficial lymphatic network: consequently. there is a limited capacity for bypass flow when a main collecting duct or lymphatic bundle is blocked ( Figure I) . Lymph vessels and lymph nodes contain sympathetic. parasympathetic and sensory nerve endings. which can regulate contractile function."
When the limb is viewed in cross-section. the direction of lymph flow is opposite to that of venous flow. namely. from the core of the limb to the periphery. within the epifuscial lymphatic ducts. Deep lymphatic ducts accompany the main limb vessel and carry about 10% of the lymph arising More recently, Bollinger ' S has explored the technique of fluorescence microlymphography for the visualization of microlymphatics in the skin. He has observed that in primary lymphedema of late onset (lymphedema tarda type II) there is a larger visualized area of normal-sized skin lymphatics than in the skin of healthy controls. Bollinger proposed that increased outflow resistance in the larger channels is capable of enhancing dye propagation in the intact superficial network. He also observed the phenomenon of dermal backftow (previously described in studies with contrast lymphography and Iymphoscintigraphy). This abnormal manifestation is considered a consequence both of increased outflow resistance and the presence of valvular insufficiency. A comparable pattern has been observed in secondary post-surgical edema. However, in congenital familial lymphedema (Milroy's disease), Bollinger observed, instead, aplasia or ectasia of skin lymphatics. In recurrent cellulitis, the network of microlymphatics is interrupted. obliterated or, in extreme instances, completely destroyed. I';
Insufficient lymphatic transport leads to the accumulation of macromolecular proteins and hyaluronian within the extracellular space.l" In lymphedema. there is also an accumulation of lymphocytes (predominantly macrophages).'?"!" There is an increase in the fibroblast. keratinocyte and adipocyte content of the affected tissue. The overgrowth of connective and adipose tissue in skin and subcutaneous tissue l 7 . 20 is accompanied by an increase in collagen deposition. Lymphedema is typically confined to the epifascial space of the skin and subcutaneous tissue. sparing muscle. This characteristic sparing of muscle produces a distinctive feature during tomographic (CT) or magnetic resonance (MR) imaging. Such typical imaging features facilitate the differentiation of lymphedema from other edematous entities. In fact. although the muscular component is often enlarged in lymphedema. presumably as a consequence of the hypertrophy occasioned by the sheer weight of the limb. the muscle does not demonstrate edematous changes. at least when standard imaging criteria are applied. 2 1. 22 The cellular composition of the Iymphedematous tissue can. to some degree. be predicted according to the pathogenesis of the lymphedema. In filarial lymphedema. for example. Olszewski 17 found hyperproliferation of keratinocytes, focal acantholysis. and accumulation of lymphocytes in the dermo-epidermal junction. together with profuse pericapillary and peri venular mononuclear infiltrations, composed mainly of macrophages (CD68+). In nonfilarial, post-surgical lymphedema. there is moderate keratinocyte proliferation, an increased number of CD I+ epidermal Langerhans cells. and moderate pericapillary infiltrates of CD68+. CD4+ and CD8+ cells.
Histopathological findings in chronic lymphedema include: thickening of the basement membrane of lymphatic vessels. fragmentation and degeneration of elastic fibers. enhanced numbers of fibroblasts and inflammatory cells. and increased amounts of ground substance and pathological collagen fibers. 2 
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Physiology of the lymphatic system
Reabsorption of extracellular fluid and protein occurs both by the arteriovenous and the lymphatic capillaries. An extracellular flow pattern occurs along the connective tissue fibers and. presumably, through prelymphatic channels." Fluid and particles enter the initial lymphatics through interendothelial openings and by vesicular transport through the lymphatic endothelial cells"; intracellular transport occurs through the phagocytosis of macrophages entering the lymphatics. There has been recent confirmation of these dual pathways, including the observation that larger particles are more often susceptible to phagocytosis. 27 . 2H Lymphatic uptake depends on particle sizethe larger the particle. the greater the lymphatic uptake (in contradistinction to the response of the blood capillaries). 2Ẽ xternal compression (muscular contraction, massage) enhances lymph formation, particle uptakev'? and both extracellular and intracellular colloid transport."
Interstitial fluid pressures in skin and subcutaneous tissue are slightly negative (-2 to -6 mm H 2 0 );1I·32 whereas lymphatic capillary pressures in skin are positive in magnitude.Y:" suggesting that fluid transport into the initial lymphatics occurs against a pressure gradient. The current theory. recently supported by mathematical modeling." proposes the generation of a suction force by contracting collecting lymphatics. coupled with the episodic increases in interstitial fluid pressure that are created through tissue movement (muscle contractions. arterial pulsation). During the first phase. under the influence of suction. extracellular fluid enters the initial lymphatics through interendothelial Vascular Medicine 1997: 2: 321-326 Lymphedema: anatomy. physiology and pathogenesis 323 crevices; in the second. an increase in external pressure expels lymph into the collecting lymphatics. The interendothelial crevices of initial lymphatics function like valves. preventing the backflow of lymph.V" A rise in transmural hydrostatic pressure can increase lymph flow by more than 50%.16 Castenholtz? has demonstrated an increase in lymph flow when tissue hydrostatic pressure increases. up to 70 mm Hg. With higher pressures. lymph flow declines. and ceases with hydrostatic pressures above 100 mmHg. The flow through lymphatic collectors depends upon segmental contractions and on a system of funnel-shaped valves. Olszewski and Engeser'? have determined that human lymph flow. at rest, depends predominantly on lymphatic contractions. They observed systolic lymphatic pressures. generated by intrinsic contractions, of 12-70 mmHg. Muscular contraction increases mean lymph flow and the frequency of lymphatic pulse waves, but does not influence lymph pressures. Recently. Werr" was able to record pressure fluctuations in human cutaneous microlymphatics. confirming the influence of the respiratory phase and of spontaneous lymphatic contractility. Eisenhoffer measured the ability to generate a pressure gradient within isolated bovine lymphatics and observed increasing contractile activity with increasing outflow pressure." Below a threshold outflow pressure of 9.8 em H 20. the lymphangion retains the ability to empty, but above that pressure, emptying is incomplete. and a residual diastolic pressure is demonstrable. The contractions generated by the lymphatic wall are propagated both centrally and peripherally. Zawieja.?" studying rat mesenteric lymphatics, determined that 80-90% of the generated contractions were bidirectionally propagated, with conduit velocities of 4-8 mm/s. They found that gap junctions play an important role in the propagation and co-ordination of contractions. Increased outflow pressure can increase the frequency of these contractions," but above a certain threshold lymphatic pump failure occurs." An increased frequency of lymphatic contractions is also observed after hemorrhage." Lymphatic contractions can be regulated by the nervous system. Both noradrenergic and sensory nerve endings have been found in the lymphatic wall." Noradrenaline. serotonin. prostaglandin F2o: (PGF2o:). thromboxane B 2 (TXB 2 ) and endothelin I (ET-I) all contract lymph vessels.t'r'" Lymphatic contractions are inhibited by hemoglobin and hemecontaining proteins 45 .46 and by oxygen free radicals." Lymphatic endothelium can also automodulate lymphatic contractions by the local production of nitric oxide (NO) .4H so
Pathophysiology of lymphedema
Lymphedema is the pathologic end-result of insufficient lymphatic outflow (Table I) . A simple distinction can be made between high input failure. where increased capillary pressure might occasion an increase in lymph production (e.g, venous edema), and low output failure. where various pathologic conditions can result in a compromise in lymphatic flow. Reduced flow or stasis of lymph can result from lymphatic hypoplasia or aplasia. from the obliteration of lymphatic trunks or lymph nodes. from the absence or insufficiency of lymphatic valves. or from impaired lymphatic contractility. I·I,~I~\ In the current. classical view. lymph stasis produces an accumulation of protein and cellular metabolites in the extracellular space which, in tum, raise the tissue colloid osmotic pressure, causing water accumulation, edema formation, and the associated elevation of interstitial hydraulic pressure.54-56 Although the protein concentration of lymphedematous interstitial fluid may be higher than in cardiogenic or venous edema, it still may be lower than that of normal interstitial fluid, a relationship which has been documented by Bates and coworkers in postmastectomy edema." Earlier, Olszewski" found that the prenodallymph protein concentration in lymphedema does not differ from interstitial fluid protein concentration in lymphedema and does not differ from, nor is lower than, normal prenodal lymph. However, Knight et al, 59 utilizing comparable methodology in an experimental canine model, found a higher protein concentration in the interstitial fluid from the lymphedematous limb, concordant with the classical view. In latter years, attention has been focused on the potential role of interstitial glycosaminoglycans in the pathogenesis of lymphedema. This emphasis upon glycosaminoglycans has been justified through the demonstration of a reliance upon lymph transport in hyaluronian metabolism.?" Earlier, Reed!" suggested that cutaneous hyaluronian forms two pools, one of which is loosely bound and easily removed by lymph. The hyaluronian concentration (5-10 mg/m!) in lymph is 10-1OOO-fold higher than that of blood. It is therefore probable that hyaluronian accumulation plays an important role in lymphedema formation. Bates" found high hyaluronian concentrations in fluid drained from the lyrnphedematous arm and found an inverse correlation between edema fluid hyaluronian concentration and elastic properties of edematous tissue. The investigators could not, however, demonstrate a correlation between fluid concentration of glycosaminoglycan and either the edema volume or the duration of the edema.?' The accumulation of proteins attracts macrophages, stimulates collagen production by fibroblasts, and enhances the stimulation of fibroblasts, keratinocytes and adipocytes. Animal studies have confirmed this view." According to Casley-Smith'" and Piller l 8 • 19 the aggregated population of macrophages can participate in the degradation of accumu-Vascular Medicine 1997; 2: 321-326 lated extracellular protein; the resultant, smaller peptides are then more easily reabsorbed by blood capillaries. These investigators postulate that the macrophages in lymphedema are inhibited and hypothesize that activation with benzopyrones will result in a reduction in lymphedema volume. The postulated beneficial effect of benzopyrones in lymphedema is, however, not universally accepted. 57.63 Studies of lymphatic capillary pressure have demonstrated lymphatic capillary hypertension in primary lymphedema.v':" An alteration in the pressure fluctuation pattern suggests that a considerable volume of lymph is removed through small caliber, high resistance lymphatics." Lymphatic hypertension has also been documented in a study by Olszewski/" in which the lymphatic ducts of a Iymphedematous human leg were cannulated, with a subsequent demonstration of lymphatic end pressures, during ambulation, of up to 200 mmHg. Flow is dependent upon muscle contractions -the lymphangions do not empty (hydrostatic pressure is present), and the lymphatic valves are incompetent. Muscular pumping alone does not, therefore, significantly improve lymph drainage in lymphedema by virtue of the accompanying valvular insufficiency and higher lymphatic outflow resistance. This has been radioisotopically confirmed,'?
Postmastectomy edema is usually ascribed to acquired lymphatic incompetence, a hypothesis that has arisen after McDonald 68 and Lobb and Harkins"? challenged Halsted's original pathogenetic proposals." When the surgical technique of mastectomy was introduced, it was hypothesized that the pathogenesis of the resultant lymphedema relied upon both venous and lymphatic abnormalities. However, subsequent investigations have demonstrated that axillary vein resection does not increase the incidence of edema after mastectomy, thereby directly contradicting the proposition that swelling can be attributed to venous thrombosis." Recently, Svensson et aj72 examined 81 cases of postmastectomy edema with Duplex ultrasound (color and gray scale imaging with Doppler assessment of blood flow) and found normal venous outflow only in 30%. They also found an increase in the arterial inflow to the lymphedematous arm." Furthermore, Bates and colleagues?" recently found lower protein concentrations and lower interstitial fluid colloid pressure in the Iymphedematous arm; there is a negative correlation between the interstitial fluid colloid pressure and the increase of volume in the edematous limb. They hypothesize that additional mechanisms, such as increased capillary pressure, may playa role in the development of postrnastectomy edema. Kuhl and Molls?" have proposed that the increased arterial inflow might result from a neuropathy induced by iatrogenic radiation injury. However, the earlier work of Olsen?" suggests that the onset of radiation-induced brachial plexopathy is not necessarily associated with lymphedema.
Lymphatico-venous communications have, on occasion. been documented during lymphography. Aboul-Enein?" proposes that open lyrnphaticovenous communications serve as safety valves for overloaded lymphatics and prevent the development of lymphedema. With lymphoscintigraphy, it has been possible to document the presence of lymphatico-venous anastomoses in nonedematous postmastectomy patients, while edematous extremities lack evidence of Iymphatico-venous communications. This attractive hypothesis awaits further confirmation.
Several potential mechanisms may prevent formation of lymphedema in postmastectomy patients. As summarized by Foldi/K these include: the existence of lymphatics spared by surgery and radiation; collateral lymphatic flow through axilloaxillary and axilloinguinal anastomoses; connective tissue channels and superficial dermal lymphatic plexi; lympholymphatic anastomoses developed at the axillary resection site; and peripheral Iymphovenous anastomoses. The anatomical variations in cephalic lymph vessels may also play an important role. 7 ,7K
